The aim of this study was to demonstrate the effect of different treatments on collagen self-assembly, the morphological and the qualitative analysis of collagen assembly were measured by atomic force microscopy. Collagen samples were treated with 0.02%, 0.04%, 0.10% and 0.20% glutaraldehyde individually at the first steps. Meanwhile, the other experimental groups were treated with 0.05%, 0.10%, 0.20% riboflavin, respectively, the structural change of the collagen network with 15, 30, 45, 60 min UV365 exposure and the fluorescent irradiation as the control group in turn was investigated by atomic force microscopy. The width and height of collagen assembly increased with the concentration of glutaraldehyde, which were changed from 36.45 ± 4.45nm to 64.35 ± 2.58nm and 2.26 ± 0.19nm to 4.93 ± 0.29 nm, respectively. The effect of different UV365 irradiation time on the height of collagen was greater than the effect on the width, the width and height of collagen were varied from 41.36 ± 4.30nm to 55.47 ± 4.53nm and 3.10 ± 0.39nm to 6.20 ± 0.85nm, which were changed 25.44% and 50.00%, respectively. The concentration of riboflavin was more efficiently than irradiation time, and the maximum width and height of collagen reached 106.98 ± 3.37nm and 11.17 ± 1.33 nm, respectively, the control group without a significant change at the fluorescent irradiation by the time. This optimized cross-linking method with riboflavin/UV365 would have great potential for tissue engineering in clinic and food packaging science.
Introduction
Packaging and food industry are increasingly focusing on the development of biodegradable packaging materials, protein films play a very important role in this field. Wang and Rhim reported that collagen was mixed with agar and alginate to obtain a film with strong antibacterial properties. [1] What is more, collagen exhibits excellent biocompatibility and low antigenicity and benefits numerous cellular behaviours, so it has been widely utilized in tissue engineering. Heo and his colleagues suggested that the mechanical properties of collagen scaffold after photo crosslinking had been significantly improved, so it was better used in meniscus tissue engineering. [2] Collagen mainly distributed in the skin, tendons and other organizations. It is composed of three polypeptide chains forming three helical structures, and its amino acids present (Gly-X-Y) n periodic arrangement, where the positions of X and Y are proline and hydroxyproline, which are the specific amino acids of collagen, accounting for about 25%, and it is also the highest content of all kinds of proteins. [3] Collagen shows excellent water vapour permeability and biocompatibility, but low mechanical strength and low elongation. Cross-linking techniques have been reported to enhance the mechanical properties of collagen. [4, 5] Glutaraldehyde is a kind of common cross-linking agent applied in protein chemistry and tissue engineering. [6] The free amino acid residues of collagen can react in cross-linking with glutaraldehyde and change the structural stability of collagen assembly by adding the glutaraldehyde to collagen solution. [7] Henriquez and his colleagues reported that UV365 radiation caused physical and chemical changes of collagen molecules, which made the collagen structure change, affecting the mechanical and optical properties of collagen films in some degree. [8] Zhao and his colleagues found that the cross-linking conditions, including irradiation time and modifier concentration, played significant roles on the property of the collagen. [9] At the optimal condition, the collagen exhibited an increased thermal stability and enzyme tolerance capacity. [10] This proves that UV365 irradiation in a short time can induce the increase of cross-linking degree and strengthen the thermal stability of collagen molecules. [11] However, the conformation of collagen changed and sulphide bond broke down when the collagen absorbed a certain amount of high-energy radiation. Therefore, the structural damages of collagen under UV365 irradiation need to be inhibited by adding cross-linking modifier or mixing the collagen with other materials. [12] As one kind of photo-sensitizers, riboflavin can produce free radicals under irradiation, with maximum absorption peaks at 270, 366, and 445 nm, selecting the wavelength at 365 nm can satisfy the maximum absorption value of the riboflavin chromophore. [13] Riboflavin can induce the collagen molecules to form a new linkage with each other under the UV365 irradiation. The riboflavin concentration and the irradiation time showed a significant influence on the degree of crosslinking between collagen molecules, [14] which led to the increase of the density, the diameter and the mechanical strength of collagen fibres. [15, 16] Through the above crosslinking method, the defects of collagen film and its mechanical properties were improved, which was of great significance in food packaging.
The effects of glutaraldehyde and riboflavin/UV365 on the crossing-linking of type I collagen molecules were investigated and evaluated with atomic force microscopy (AFM) imaging and the related analysis methods in this study, which was an efficient and widely used technique in molecular and cellular biology for its nano-scale resolution and simple sample preparation methods.
Materials and methods

Materials and chemical reagents
The tendon tissues were peeled from the fresh swine trotter, which was purchased from Yangling JiafuSupermarket at Shaanxi, China. Twenty-five percent glutaraldehyde and 36% acetic acid were purchased from Chengdu Kelong Chemical Reagent Factory (Chengdu, China). Sodium chloride and sodium hydroxide were purchased from Guangdong Chemical Reagent Engineering-technological Research and Development Center (Guangdong, China). Riboflavin was provided by Sinopharm Chemical ReagentCo., Ltd (Shanghai, China). All reagents in analytical grade were used as received without further purification. All solutions were prepared with deionized water supplied by the Northwest A&F University.
Preparation of original collagen solutions
Four grams of tendon tissues were firstly cut into 0.1cm 3 cubes, and then washed with 0.9% NaCl for more than 3 times, the fresh tendons turbid liquid was mixed with 100ml solution (pH7.5) containing 0.5 M Tris-HCl and 1M NaCl, and immediately placed in 4°C refrigerator for 24 h with stirring every 6h. [17] Then the supernatant was discarded to remove the non-collagenous impurities. After fully washing with distilled water, the collagen was extracted by adding 100 ml 0.5 M acetic acid with stirred (90-1 thermostat magnetic stirrer, Shanghai, China) for 24 h. Then, the collagen solution was filtered and precipitated by adding 20% NaCl successively. When the flow occurred, the above collagen was collected by centrifuged at 10,280 g for 20 min and then was re-dissolved by 0.5 M acetic acid with the final collagen concentration of 4mg/ml. The original collagen solutions were stored at 4°C in order to avoid denaturation and microbial contamination for further processing. [18] Preparation of the collagen solutions cross-linked with glutaraldehyde Stock solution of Na 2 HPO 4 and NaH 2 PO 4 was prepared with distilled water and the pH value was adjusted to 9.2 with 0.1 M NaOH in this experiment. The original 4mg/ml solutions of collagen were diluted with stock solution to the final concentration at 0.4 mg/ml. Then, 25% glutaraldehyde solution was diluted to 0.02%, 0.04%, 0.10% and 0.20% with stock solution (pH9.2), respectively. The different concentrations of glutaraldehyde solutions were severally mixed with the same volume of 0.4 mg/ml collagen solution. In the control group, collagen solutions were mixed with phosphate buffer at the same volume. 20 μl mixtures were deposited onto a fresh cleaved mica surface separately. All of these samples were put into 12-well culture plates, dried at room temperature and washed for several times with distilled water before AFM imaging.
Preparation of the collagen solutions cross-linked with riboflavin under UV365 irradiation
The 4mg/ml collagen solution was diluted with phosphate buffer (pH = 9.2) to the final concentration at 0.4 mg/ml. Riboflavin was dissolved by 0.1 M NaoH with the final riboflavin concentration of 0.05%, 0.10%, 0.20% (w/v), and it was kept in dark place to avoid its photolysis. Then, the collagen solutions were divided into 5 groups: collagen solutions mixed with 0.1 M NaOH at the same volume was put in fluorescent as group 1; mixed liquor was exposed to UV365 (6W, ZF-2 UV analyser, Shanghai, China) at a distance of 15 cm as group 2; the collagen solutions mixed with riboflavin 0.05%, 0.10%, 0.20% (w/v), respectively, were exposed to UV365 irradiation as group 3 to 5. The abbreviations of the samples prepared in different riboflavin concentrations with varied irradiation time are shown in Table 1 . Twenty microliter mixtures were deposited onto the freshly cleaved mica sheets separately after UV365 irradiation. All of these groups were dried in 12-well culture plates at room temperature and washed for several times with distilled water after irradiation by fluorescent or UV365, avoiding the interference of crystals derived from phosphate buffer.
SDS-PAGE analysis of collagen in different processing
SDS-PAGE was used to analyse the changes of molecular mass distribution of modified collagen in different riboflavin concentrations under UV365 for 1 h. [19] Thirty microliters collagen samples were subjected to analysis using 10% acrylamide gel and 5% stacking gel following initial characterization experiments. The bands were stained with Coomassie Brilliant Blue R-250 and analysed by WD-9413B type gel imaging system (Liuyi Co., Beijing, China).
AFM imaging and offline analysis
Crosslinking assay was executed on Multimode-8 AFM with SCANASYST-AIR probes (Bruker Co., Santa Barbara, USA) in ScanAsyst mode at 0.997 Hz. Height and error images in 512 × 512 pixels were collected simultaneously after a first order flatten, and noisy line erasing using AFM offline software NanoScopeAnalysis V1.10 (Bruker Co., Santa Barbara, USA).
Statistical analysis
Experiments were analysed using analysis of variance (ANOVA) to determine the significant differences among the groups and p < 0.05 was considered statistically significant. All data were expressed as mean± standard deviations (mean± SD). Analyses were performed using Excel 2010 (Microsoft Co., Redmond, USA) and SPSS22.0 (IBM Co., Armonk, USA).
Results and discussion
Effects of glutaraldehyde concentration on the collagen cross-linking AFM was used to explore the morphology of collagen treated with glutaraldehyde in different concentrations. Typical AFM 2D/3D height images and section analysis profiles of original collagen fibrils were shown in Fig.1 . Figure1a was shown the loose cross-linking of collagen, and the white line interception was shown in the Fig.1b , which represented the width and height of the collagen fibre. Figure1c was shown the 3D image of collagen, which expressed the distribution of collagen, was relatively loose and rough. The width, height and roughness (Rq) were 36.45 ± 4.45nm, 2.26 ± 0.19nm and 0.62 ± 0.04 nm, respectively, of collagen fibre as seen in Table 2 .
The cross-linking collagen displayed a typical fibre structure after treated with different concentrations of glutaraldehyde. The section analysis profiles were posted right below the height images, as shown in Fig.2 . Besides, the data of width, height and roughness (Rq) were calculated automatically, as listed in Table 2 . Figure 2a -b was shown the process of collagen crosslinking, which was becoming progressively dense. Meanwhile, as the results shown in Table 2 , the width and height of fibers were changed from 42.25 ± 3.74nm to 64.35 ± 2.58nm increased 52.30% and 2.30 ± 0.13nm to 4.93 ± 0.29nm changed about 113.04%, respectively, which increased compared with the control group. Cheung and Nimni indicated that the excess glutaraldehyde could react with the ɛ-amino group of lysine or hydroxylysine residues by condensation in phosphate buffer and resulted in the b c a Figure 1 . Typical AFM 2D/3D height images and section analysis profiles of original collagen fibrils. a-c represent original collagen fibrils of 2D images, section analysis profiles and 3D images individually. formation of a Schiff base intermediate; [20] besides, the hydroxyl group of hydroxyprolamine formed acetal with the aldehyde group, which could improve the stability of Schiff base in the crosslinking condition. Glutaraldehyde could enhance the stability of collagen by Michael addition reaction, and the reaction of amine groups with the free aldehyde groups to form further cross-linking. [21] The concentration of glutaraldehyde had a significant effect on the width, height and Rq of collagen fibres. In addition, the width of collagen was first increased from 36.45 ± 4.45nm to 64.35 ± 2.58nm and then decreased from 64.35 ± 2.58nm to 42.25 ± 3.74nm along with the increased of glutaraldehyde concentration; however, the change of height showed an obviously trend increased to the maximum 4.93 ± 0.29nm. The Rq increased mostly from 0.62 ± 0.04nm to 2.76 ± 0.24nm with the concentration, which was caused by the too much glutaraldehyde on the fibre surface initiated the polymerization. The experiment performed that the maximum height of collagen could reach 4.93 ± 0.29nm, which was 2 times in the control group after treated with 0.20% glutaraldehyde. It was implied that the high concentration of glutaraldehyde could enhance the vertical cross-linking degree of fibres.
Collagen fibrils tended to be coupled together at the low concentration of glutaraldehyde, suggesting that crosslinking preferentially appeared between neighbouring collagen molecules. The collagen fibrils chaotically intertwined to each other with the increased concentration of glutaraldehyde and the glutaraldehyde molecules lengthened the side chain by further self-polymerization. In the end, almost all fibrils were linked and huddled together.
Effects of riboflavin/uv365 irradiation on the collagen cross-linking
It was shown that the collagen fibres without a significant change at the fluorescent irradiation by the time. Typical AFM height images of collagen and the section analysis profiles as a control group were shown in Fig.3 a-d , which represented the width and height of the collagen fibre. Collagen was arranged in single fibre and slender in form and the shape of the 4 pictures was similar. Moreover, the data analysis including width, height and roughness (Rq) are shown in Table 3 . The width of collagen changed slightly over time varied from 31.36 ± 1.72nm to 33.20 ± 2.13nm, and the roughness had hardly changed, which maintained about 0.76 ± 0.01nm; nevertheless, the height of fibres had an important increase after 60 min UV365 irradiation, which changed from 2.41 ± 0.23nm to 4.13 + 0.38 nm. Prolonged exposure would cause the collagen to absorb heat and degeneration, resulting in minor changed in the structure.
The irradiation time of UV365 had a clear impact on the morphology of collagen, typical AFM height images of collagen and the section analysis profiles were shown in Fig.4a 1 -a 4 , the data analysis is shown in Table 3 . The width of collagen presented a rising trend varied from 41.36 ± 4.30nm to 55.47 ± 4.53nm increased 34.12%, which was similar to the height changed from 3.10 ± 0.39nm to 6.20 ± 0.85nm changed 100.00% and the fibres reached a maximum after 60 min irradiation with UV365. However, the roughness of collagen not increased obviously varied from 1.43 ± 0.12nm to 1.67 ± 0.18nm. It was shown that in Fig.3 a 1 -a 4 , collagen assembly underwent a partial to a full physical crosslinking when the radiation time varied from 15 to 60 min. Snibson and his colleagues concluded that the collagen molecules contained some aromatic residues, and the conjugated system absorbed the exogenous energy provided by UV365 after irradiation, then convert into a highly active excited state. Furthermore, the high-energy electrons generated by the excitation were transmitted through the electron transport chain, which would lead to the production of corresponding free radical and triggered free radical reactions, resulted in the cross-linking among collagen fibrils. [22] As a physical crosslinking method, UV365 irradiation was not toxic and would not introduce exogenous substances.
The typical AFM height images of the collagen fibres with riboflavin on different concentrations from 15 to 60min irradiation are shown in Fig.4 b 1 -d 4 for dense cross-linking and loose cross-linking collagen specimens, respectively. The qualitative data of collagen fibres is shown in Table 3 . As the results shown in Fig.4 b 1 -b 4 , the width of collagen increased from 56.66 ± 3.51nm to 82.41 ± 6.64nm and the height also had a significant increase from 3.84 ± 0.54nm to 9.39 ± 0.93nm, but it was decreased after 30min irradiation as shown in Fig.4b 3 -b 4 . The possible reason for this phenomenon was that the self-assembly of collagen formed a uniform and dense cross-linking, leading to decreased height. It was shown that in Fig.4 c 1 -c 4 , the degree of crosslinking increased with irradiation time span, small amount of network structure was formed with 0.10% riboflavin irradiated by UV365 for 15min. However, the crosslinking became intensive and formed more obvious reticular structure after 60min irradiation. The width of fibres was shown a rising trend, which increased from 65.54 ± 2.28nm to 103.61 ± 5.79nm and the height changed from 4.87 ± 0.55nm to the maximum of 11.17 ± 1.33nm. It was shown the same trend in Fig.4 d 1 -d 4 as Fig.4 c 1 -c 4 . As the results shown in Table 3 , the width and height of Fig.4 d 1 -d 74.44 ± 4.31nm to 106.98 ± 3.37nm arrived to 241.14% of control group and 4.24 ± 0.56nm to 11.17 ± 0.92nm reached to 363.49% of original collagen fibrils, respectively. Moreover, the various parameters of collagen seemed to reach a threshold value as irradiation time span and riboflavin concentrations increased simultaneously. Due to the significance analysis, it was demonstrated that the riboflavin concentration had a greater effect on collagen than that induced by irradiation time span. Specifically, the width, height and Rq of collagen self-assembly showed a significant difference (P < 0.05) when the concentrations of riboflavin varied from 0.05% to 0.20% and the irradiation time changed from 15 to 60min. Collagen in the control group showed low width and height; moreover, collagen fibres presented a single strip and there was no network structure appeared. Short time span of irradiation was not enough to inspire all riboflavin to promote collagen cross-linking and low concentrations of riboflavin at short exposure was insufficient to crosslink all collagen fibrils, which led to low reaction efficiency or crosslinking degree. [23] However, high concentrations of riboflavin would lead to higher UV365 absorption and generate more singlet oxygen to trigger a cross-linking reaction. [24] van Best and his colleagues reported that the prolonged exposure of UV365 would destroy the triple helical structure of collagen fibrils and lead to a local fracture, after which the ɛ-amino was gradually exposed and then the free α-amino was generated. [25] The aim of the crosslinking was to create additional chemical bonds inside the collagen fibres by means of a photosensitizer induced with UV light at 365nm. [26] In the presence of oxygen and UV365, riboflavin could be stimulated to interact with oxygen, leading to intrahelical crosslinking of amino acids, such as histidine, lysine and arginine. Referring to Fraser and his colleagues' studies, [27] riboflavin was a photo-sensitizer that produced free radicals under UV irradiation. Firstly, it was excited and formed excited singlet riboflavin, and then became a triplet excited riboflavin and interacted with triplet oxygen in the air, moreover, very reactive singlet oxygen was produced, which was an oxygen radical that constants to interact with the carbonyl group of fibres. [28] From the relationship between parameters and morphological changed during crosslinking, it was concluded that new chemical bonds were introduced at high concentrations of riboflavin and long reaction time led to form dense cross-linking between collagen fibres. [29] Effects of riboflavin/uv365 irradiation on the mass distribution of collagen molecules It was shown that UV365 irradiation had better crosslinking effect in 60 min from the above results, which was chosen for SDS-PAGE validation. As the results shown in Table 3 and Fig.4 , after 60 min of UV365 irradiation, the width and height of collagen reached a relatively large value, and the degree of cross-linking of fibres was relatively dense. The SDS-PAGE data of mass distribution of type I collagen molecules consisted of three chains, including α1 (140 kDa), α2 (130 kDa) and β (250 kDa), as shown in Fig.5a . Compared with the control group, the lane b-e group had relatively shallow staining bands, especially in the riboflavin treatment group. This phenomenon could be interpreted as riboflavin has a protective effect on the form of collagen fibres, resulting in a longer chain of collagen. Then, Image J (National Institutes of Health, Bethesda, USA) was used to analyse the intensity of each band. In order to make statistics more convenient, the intensity values of the three bands (α1, α2, β) of the control group were recorded as a reference and then made the relative intensity of each band. As shown in Fig.5b , the lines of different colours had a similar tendency to decrease, the relative band intensity of lane a to lane b dropped from 1.00 to about 3.00, lane c to lane e tended to be parallel and eventually maintained around 0.30. This phenomenon could be explained as the collagen fibres had a head and tail connection, increasing the length of the chain and the molecular weight of collagen, molecules in the high weight region did not enter the separation gel. Due to the dense cross-linking of collagen fibres under the irradiation of 60 min, there was no significant difference between the lane c to lane e. Based on the above analysis, it was confirmed that a great deal of cross-linking occurred between the fibres after UV365 and riboflavin treatment.
Conclusion
This study was demonstrated that different concentrations of glutaraldehyde had a significant impact on crosslinking of collagen fibres, Schiff bases, which was generated by the reaction of glutaraldehyde with free amine groups of lysine, were formed rapidly in the beginning of the cross-linking processing. The width, height and Rq of collagen fibres increased along with the increase of glutaraldehyde concentration till 0.20%, showing a maximum height. To evaluate the effect of UV365 and riboflavin on collagen self-assembly, this study chose UV365, a wavelength that one of the absorption maxima of the riboflavin chromophore. Photocrosslinking of collagen with riboflavin at 0.05%, 0.10%, 0.20% (w/v) was also examined, and different irradiation time had a great influence on the structure of collagen. From all the above analysis,a significant increase in the degree of crosslinking could be achieved through the procedure, when the exposure time and the concentration of riboflavin increased. The modification of collagen could improve its mechanical properties and had a wide application prospect in medicine and food processing. 
